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INVESTIGATION OF THE PRESSURE DISTRIBUTION OF METAL ON THE ROLLS 
DURING THE ROLLING PROCESS 

A. I. Kolpashnikov and A. N. Anufriyev 

ABSTRACT 

Derivation of an equation f o r  s t r e s s e s  developing 
during r o i l i n g ,  as a function of r o l l i n g  rate, s i z e  of 
t h e  r o l l s ,  geometry of the  product,  and f r i c t i o n .  A 
preliminary comparison of t h e o r e t i c a l  and experimental 
r e s u l t s  shows good agreement. 

A t h e o r e t i c  and experimental study of t h e  s p e c i f i c  pressure /83* 
d i s t r i b u t i o n  along t h e  capture a r c  and t h e  m e t a l  cross  sec t ion  at t h e  
opening of t he  r o l l s  i s  of grea t  i n t e r e s t ,  and makes it poss ib le  t o  
study p l a s t i c  deformation during ro l l i ng .  A knowledge of t h e  l a w s  govern- 
ing m e t a l  deformation during r o l l i n g  is  necessary,  both f o r  planning and 
construct ing new r o l l i n g  m i l l s ,  and f o r  developing ex i s t ing  m i l l s .  
makes it poss ib le  t o  co r rec t ly  construct  t h e  main opera t iona l  u n i t s  of 
t h e  m i l l  and t o  s e l e c t  the  most advantageous technological  r o l l i n g  
process.  

It a l s o  

Up t o  t h e  present  time, the re  has not  been s u f f i c i e n t  research 

The 
on many problems r e l a t i n g  t o  t h e  nature  of physico-mechanical pro- 
cesses  occurring i n  a m e t a l  during la rge  p l a s t i c  deformations. 
assumptions advanced by d i f f e ren t  researchers  on t h i s  problem do not have 
a comprehensive, s c i e n t i f i c  bas i s ,  s ince the  t h e o r e t i c a l  conclusions do 
not  f u l l y  correspond t o  t h e  experimental data .  

Exis t ing  r o l l i n g  theo r i e s  do not provide t h e  a n a l y t i c a l  dependence .I 

of stress on t h e  f a c t o r s  influencing it. Therefore,  equations showing 
t h e  inf luence  of t h e  stress s t a t e  on the  s p e c i f i c  pressure have been 
approximately derived. Curves showing t h e  d i s t r i b u t i o n  of s p e c i f i c  press- 
ures  during r o l l i n g ,  which were compiled i n  accordance with t h e  Karman 
theory,  have not been subs tan t ia ted  by experimental diagrams. The 
t h e o r e t i c a l  curves have two concave branches which r i s e  toward the  
c r i t i c a l  cross-sect ion and which form a peak-like curve, while t he  experi- 
mental curves have convex branches with a dome-shaped apex. The l ack  of 
agreement between t h e  t h e o r e t i c a l  curves and t h e  experimental curves may 

* Numbers given i n  the  margin ind ica t e  paginat ion i n  t h e  o r i g i n a l  
fore ign  t e x t .  
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pr imar i ly  b e  explained by the  f a c t  t h a t  t h e  l a w  governing t h e  f r i c t i o n  
on t h e  r o l l  su r f aces  i n  t h e  deformation zone is no t  taken i n t o  account 
c o r r e c t l y  i n  t h e  t h e o r e t i c a l  formulas based on t h e  Karman theory. 

The main problem encountered i n  r o l l i n g ,  which unde r l i e s  any 
f u t u r e ,  comprehensive research, is the  study of a theory f o r  t h e  m e t a l  
deformation mechanism i n  r o l l s  during r o l l i n g .  
attempt t o  formulate a n a l y t i c a l l y  the r e l a t i o n s h i p  between stress during 
r o l l i n g  and t h e  f a c t o r s  influencing it: t h e  r o l l i n g  rate,  t h e  geo- - /84 
metric dimensions of t h e  r o l l s  and the  ba r ,  and t h e  f r i c t io r?  between 
t h e  r o l l s  and t h e  m e t a l ,  e tc.  

This r epor t  makes an 

L e t  us examine t h e  r o l l i n g  process, i n  t he  case when t h e  r o l l s  are 
c y l i n d r i c a l  and when t h e  width of the b a r  t o  be r o l l e d  i s  several t i m e s  
g r e a t e r  than t h e  length of t h e  capture arc. Therefore, t h e  inf luence of 
t h e  widening can be disregarded. It may thus  b e  assumed t h a t  t h i s  i s  a 
two-dimensional problem. 
p l a s t i c i t y  f o r  two-dimensional deformation 

For t h i s  purpose, l e t  us  employ t h e  equation of 

where, k is t h e  r e s i s t a n c e  t o  pure shear; 

oB - a c t u a l  resistance t o  d i s t o r t i o n  during l i n e a r  deformation, 
i . e . ,  during simple contract ion o r  expansion with allowance f o r  t h e  in- 
f l uence  of temperature, deformation rate, and cold hardening; 

n , %; nv - c o e f f i c i e n t s  taking i n t o  account t h e  inf luence of r 
temperature, cold hardening, and deformation rate on resistance t o  de- 
formation; 

0 - y i e l d  po in t .  

When t h e  stress d i r e c t i o n  ox and rs 

S 

coincides  with t h e  main axes /85 
Y 

of t h e  stress, t h e  p l a s t i c i t y  equation (1) assumes t h e  following form: 

01 - 03 3 2k. (2) 
It may be seen from t h e  equation (2)  t h a t  t h e  beginning of p l a s t i c  de- 
formation i s  not  determined by t h e  absolute values  of normal stresses, 
but r a t h e r  by t h e i r  difference.  
with t h e  dimensions dx i n  t h e  cross-section h 

We may d i s t i n g u i s h  a c e r t a i n  element 
(Figure 1) , 

X 
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9,. 

Figure 1 

Diagram of S t r e s s  Dis t r ibu t ion  During Rolling 

(1) - Neutral  cross-section 

For t h e  element s e l ec t ed ,  we  may take  t h e  v e r t i c a l  and hor izonta l  
stresses o and o 1 3 as t h e  main stresses; t h e  main stress o3 coincides 

w i t h  o (a3 = ox). Equation (2) may now be r e w r i t t e n  a s  follows: 
X 

There are two unknowns i n  equation (3 ) .  I n  order  t o  so lve  t h i s  equa- 
t i on .  W e  must eliminate nne iinknnwn- 2nd -In n r d e r  tn A n  + h i e  l n t  l * ~  F i r e +  

examine the  diagrams of t he  stress state a t  t h e  deformation center  during 
two-dimensional r o l l i n g  
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Taking the influence of the outer zones into account - i.e., the 
zones adjacent to the geometric center of deformation - we may note that 
digram 3 is characteristic for rolling, as it results along the entire 
height of the cross-section h i.e., 

01 

X' 

4) osrn -fl + QAav 1 
t 
01 

be interested in the true value of 0 
hx, i.e., u 
to the averaged stress u 

From this point on, in order to derive the formula we shall not 
along the cross-section height 

/86 
X 

= f(h ). In order to derive it, we shall confine ourselves 
X X . Let us re-write equation (3)  with 0; av: x av 

In order to indicate the stress ux av in diagram 4 ,  we need only assume 
the same stress, only directed toward the other side. 
this may be expressed: 

In the vector form, 

- t *  
- u e u  * 

%av 
The stress u 

area. Consequently, the product 0 h b is none other than the force 

= 0 has an influence along the entire cross-section x av 

xav x 
Px : 

where h is the cross-section height; 
X 

b - Width of the bar being rolled. 
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Based on the  given r o l l i n g  parameters, w e  may f ind  t h e  average 
v e l o c i t y  of t h e  bar  a t  t he  deformation center  i n  the  d i r e c t i o n  of t h e  
absc i s sa  x ,  and then the  acce lera t ion  i n  t h e  same d i r ec t ion .  The volume 
per  second of t he  m e t a l  being ro l led ,  passing through any cross-sect ion,  
must be  constant :  

where V 
considerat ion;  

- mean ve loc i ty  of t he  metal i n  t h e  cross-sect ion under x av 

h - cross-sect ion height  (of the b a r ) ;  

b - cross-sect ion width (of the  b a r ) ;  

X 

v 1  - average ve loc i ty  of t he  bar cross-sect ion a t  t h e  r o l l  outputs ;  

h l  - b a r  height  a t  t h e  r o l l  outputs.  

W e  may f ind  t h e  mean m e t a l  ve loc i ty  f o r  t h e  cross-sect ion under 
considerat ion from equation (5): 

From Figure 2 w e  may f ind  h by means of t h e  angle a (hx = f ( a ) :  
X 

h, = h, + 2r(l -cosa) .  (7) 

Solving t h e  system of equations ( 6  and 7 ) ,  w e  may f ind  t h e  mean ve loc i ty  
of t h e  cross-sect ion motion h : 

X 

In  order  t o  determine the  mean acce lera t ion  of t h e  metal  i n  t h e  cross- 
s e c t i o n  h i n  t h e  d i r e c t i o n  of t he  axis x, we must take  t h e  f i r s t  deriva- 
t ive of t h e  mean ve loc i ty  with respect t o  time 

X 

da - dvxav 2m,hl sin a . - *  E -  

dt , [hi + 2r (1 -- cos a)]' dt ' 

L e t  us employ t h e  second l a w  of  Newton i n  order  t o  determine t h e  stressm 
0 (P = ma). The force  Px [equation ( 4 ' 1 1  and t h e  acce le ra t ion  a x av av 
[equat ion (9)] may be expressed by the  corresponding parameters. 
now f i n d  t h e  m a s s  m. Since we  s h a l l  so lve  t h i s  l i k e  a two-dimensional 

W e  must 
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L 

problem, i n  order  t h a t  shear may occur along t h e  ho r i zon ta l  axis, i t  is  
necessary t o  overcome the  r e s i s t ance  which i s  propor t iona l  t o  t h e  mag- 
n i tude  of k. 
t ance  along t h e  e n t i r e  cross-section surface.  

The fo rce  PIx i s  required i n  order  t o  overcome t h i s  resis- 

The metal i n  t h e  deformation zone moves with an average accelera-  
t i o n  of a 
In addi t ion  t o  these  two fo rces  (PI; and P'IX), t h e  f r i c t i o n  fo rce  F 
has  an inf luence along the  contact  surface.  
fo rces  given above by t h e  fo rce  P,: 

Therefore,  t h e  fo rce  of i n e r t i a  Pttx e x i s t s  during r o l l i n g .  av 
f r  

L e t  us  balance a l l  of t h e  

p ,  = P: + Pi & Ff,C0S a* . (10) 

The p lus  s ign  i n  f r o n t  of t h e  t h i r d  term i n  the  r i g h t  p a r t  of t h e  equation 
p e r t a i n s  t o  t h e  t r a i l i n g  zone, and t h e  minus s ign  pe r t a ins  t o  the  advancing 
zone. L e t  us determine t h e  components P Ix ,  P" and F 

X f r '  

3 where p i s  t h e  dens i ty  i n  g/cm ; 

b%v* 
T dx Fav= -- g cosa 

L e t  us s u b s t i t u t e  t h e  values  PIxy P" 
(13) i n  equation (10) : 

and Ff r  from equations (111, (121, 
X 

The t h i r d  component i n  the  r i g h t  pa r t  of equation (14) w i l l  equal /88 
zero,  s ince  'c ba i s  a f i n i t e  quant i ty ,  and dx is  i n f i n i t e l y  s m a l l  

of t he  second order .  Consequently, the  e n t i r e  expression w i l l  s t r i ve  
t o  zero. W e  then have 

av - 
g 

k P, = - g h,bcg, + npvhxbaav (15) 

L e t  us d iv ide  both p a r t s  of equation (15) by t h e  product h b ,  i .e. ,  by 
t h e  sur face  of t he  cross-section under considerat ion:  

X 
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Figure 2 

Diagram of the  Rolling Process 

p t  k - - - ~ f i v  + npvaav. 
hzb g 

The term Px/hxb i s  nothing e l s e  than oxav: 

k 
=x av= 7 aav+ npvu& 

2 I f  U X / ~ ~  i s  expressed i n  kilogram force/= , a 

i n  cm/sec, and P i n  g/cm , then t h e  coe f f i c i en t  n w i l l  equal 

= g i n  cm/sec, and v av 3 

1 
981 9 10' 

n=s -.-. 

L e t  us  s u b s t i t u t e  t h e  value of t h e  coe f f i c i en t  n i n  equation (16) 

I n  equation (17) l e t  us s u b s t i t u t e  the  value found f o r  t h e  acce lera t ion  
(9) 
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2m1hl sina da 1 2tv,l1, sin a & --- k 
'xav -- g [hl+ 2r (1- cos a)]' dt g. 106. pv [h,+ 2r(l -cos a)]' dt 

When this equation i s  solved, t h e  minus s ign  is  cancel led,  s ince  neg- 
a t i v e  values  of t h e  angle a are subs t i tu ted  i n  t h e  equation (see Fig- 
u r e  1). 
t h e  angle  a. Taking t h i s  f a c t  i n t o  account, l e t  us re-write equation 
(18) with the  p lus  s ign  

From t h i s  po in t  on, w e  s h a l l  s u b s t i t u t e  absolu te  values  of 

5 
Due t o  t h e  f a c t  t h a t  t h e  second term (pv/lO ) i n  t he  r i g h t  p a r t  of 
equation (19) i s  in s ign i f i can t  a s  compared with t h e  f i r s t  (k) ,  we may 
d is regard  it .  We then have 

da . 2k , mlhI sill a - - E -  uxaq g [h, + 241- cos a)]' dt * 

L e t  us w r i t e  the  
having t h e  dimension dx (see Figure 1 ) :  

following equation of p l a s t i c i t y  f o r  t h e  element - I89 

The main stress ui will act along t h e  vertical a t  t he  poin t  C 

* dx dX 

cos a cos a 
a,& = p.r -cos a &tr - -- sin 3; 

cos a . dx 

Since t h e  second term i n  t h e  r i g h t  par t  of equation (22) i s  s i g n i f i c a n t l y  
less than t h e  f i r s t  term, i t  may be discarded without e n t a i l i n g  any l a rge  
amount of e r r o r ,  and w e  then have 

The stress u 
is deformation simultaneously along the  e n t i r e  height  of t h e  cross-sect ion 
&. 
cross-sect ion increases  by a f a c t o r  of h 
dimensions in mm: 

acts upon the  surface 1 x 1 mm, and during r o l l i n g  t h e r e  x av 

Therefore,  t h e  stress i n  the  d i r ec t ion  of t h e  a x i s  x f o r  t h e  e n t i r e  
while  i n  t h i s  case hx has  t h e  

X '  
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The equation of p l a s t i c i t y  ( 2 )  connects t h e  q u a n t i t i e s  px and u' 

by t h e  following dependence: 

x av 

# 

PX - QXav = 2, 
and w e  thus have 

p x  = 2iz + aiaV. 

Solving t h e  system of equation ( 2 3  and 2 4 )  we ob ta in  

p x  = 2/t + a,, Jlz* 

Subs t i t u t ing  u ( 2 0 )  i n  equation ( 2 5 ) ,  w e  ob ta in  x av 

2 rollrl sin a da 
px = 2k -+ n- 981 k [h,+ ?,+ ( i -  cas a)]' fb 7' 

where n i s  t h e  dimensionality coe f f i c i en t  (n = 10 l / c m ) ;  

We then have 

- da m1h, sln a px a 2k + 2,04*k* I 0 - - 2  
hl + 2r (1 - cos a) df 

Subs t i t u t ing  da/dt i n  equation ( 2 6 ) ,  w e  ob ta in  t h e  formula f o r  deter-  
mining t h e  s p e c i f i c  pressure along the capture  arc: 

+/L: sin a 
2k + 2,04* 10-2*/i- 

P x  = [h,+2t(l--cos cos a 

During the cold r o l l i n g  of m e t a l s ,  the  so-called e las t ic  f l a t t e n i n g  of 
r o l l s  occurs i n  t h e  deformation zone. 
panied by d i s t o r t i o n  and an inc rease  i n  t h e  capture  arc. It a l s o  pro- 
duces a pressure inc rease  during t h e  r o l l i n g ,  due t o  t h e  f a c t  t h a t  t h e  
deformation condi t ions of t h e  m e t a l  become worse (due t o  an inc rease  i n  
t h e  r a t i o  R:h ). Thus, during cold r o l l i n g  we must t ake  t h e  elastic 

This elastic f l a t t e n i n g  i s  accom- 

av 
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. 
contract ion of t h e  r o l l s  i n t o  account when ca lcu la t ing  the,  s p e c i f i c  
pressure of t he  m e t a l  on the  r o l l  (of the  r o l l s  on the  metal) .  
t o  obtain t h e  t o t a l  m e t a l  pressure on the  r o l l ,  i t  is  necessary t o  perform 
i n t e g r a t i o n  over t he  ac tua l  capture arc ( i t s  p ro jec t ion  on the  axis x), 
with allowance f o r  t h e  minus s ign  i n  f r o n t  of t he  second term i n  the  
r i g h t  p a r t  of equation (27), i.e., 

I n  order 

By replacing the  a r c  of t he  c i r c l e  by a parabola, we obtain the  following 

This equation may be recommended f o r  computations performed i n  
p rac t i ce .  
mental da ta  y i e l d  good r e s u l t s .  

Preliminary comparisons of formulas (27 and 28) with t h e  experi- 

S c i e n t i f i c  Translat ion Service 
4849 Tocaloma Lane 
La Canada, Cal i forn ia  
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